Background/Aims: Osteosarcoma (OS) is the most common primary malignant tumor of bone tissue. Although treatment effectiveness has improved, the OS survival rate has fluctuated in recent years. Andrographolide (AG) has been reported to have antitumor activity against a variety of tumors. Our aim was to investigate the effects and potential mechanisms of AG in human osteosarcoma. Methods: Cell viability and morphological changes were assessed by MTT and live/dead assays. Apoptosis was detected using Annexin V-FITC/PI double staining, DAPI, and caspase-3 assays. Autophagy was detected with mRFP-GFP-LC3 adenovirus transfection and western blot. Cell migration and invasion were detected by wound healing assay and Transwell ® experiments. Results: AG dose-dependently reduced the viability of osteosarcoma cells. No increase in apoptosis was detected in AG-treated human OS MG-63 and U-2OS cells, and the pan-caspase inhibitor z-VAD did not attenuate AG-induced cell death. However, AG induced autophagy by suppressing PI3K/Akt/mTOR and enhancing JNK signaling pathways. 3-MA and Beclin-1 siRNA could reverse the cytotoxic effects of AG. In addition, AG inhibited the invasion and metastasis of OS, and this effect could be reversed with Beclin-1 siRNA. Conclusion: AG inhibits viability and induces autophagic death in OS cells. AG-induced autophagy inhibits the invasion and metastasis of OS.
Introduction
Osteosarcoma (OS) is characterized by high malignancy rates, poor prognosis, and early lung metastasis [1] . It is the most common primary malignant bone tumor affecting humans. At present, treatment of OS is comprehensive and includes preoperative and postoperative chemotherapy, and surgical treatment [2] . Although the effectiveness of treatment has improved significantly, the osteosarcoma survival rate has fluctuated in recent years, especially with the occurrence of lung metastasis and chemotherapy resistance [3] . Therefore, it is necessary to develop novel therapeutic agents and strategies.
It is well known that plants are a natural treasury of medicines for chemotherapy, and plant extracts have been extensively applied to clinical treatment. Andrographolide (AG, see Fig. 1 ), a diterpenoid lactone isolated from Andrographis paniculata, has a broad range of pharmacological effects [4] . Previously, pharmacological studies of andrographolide focused on antibacterial, anti-inflammatory, and antiviral activities [5] [6] [7] ; in recent years, significant progress has been made in the study of the antitumor and immunoregulatory effects of AG, and a remarkable antitumor effect has been shown. AG has been reported to inhibit the proliferation of various different tumor cells by inducing apoptosis [8] . Meanwhile, AG can also inhibit the invasion and metastasis of tumors by inhibiting the expression of matrix metalloproteinase (MMP)2 and MMP9 [9, 10] . In addition, AG can also increase the sensitivity of cancer cells to chemotherapeutic drugs [11] . However, the role of AG in osteosarcoma remains unknown.
PI3K (phosphatidylinositol 3-kinases) is a lipid kinase, which catalyses the phosphatidylinositol 4, 5-two phosphate (PIP2) phosphorylation of phosphatidylinositol three 3, 4,5-phosphate (PIP3), then activating AKT (protein kinase B) to promote cell survival, proliferation, metastasis and angiogenesis [12] . PI3K is highly expressed in most malignant tumors, and the study of its inhibitors has attracted widespread attention in the medical community.
Autophagy is a catabolic process that degrades and processes damaged organelles and macromolecules via lysosomal pathways to maintain cellular homeostasis [13] . This process is closely related to many diseases, including cancer [14] . Autophagy may play opposing roles in different stages of tumor development and in different tumors, including promoting survival and inducing death [15] . Therefore, research into the molecular mechanisms of autophagy-related signal transduction pathways, such as those involving PI3K/Akt/mTOR [16] , MAPK [17] , ROS [18] , and NF-kB [19] , is of great importance. Recent studies have implied that autophagy is associated with tumor invasion and metastasis. Catalano et al [20] . showed that autophagy could reverse epithelial-mesenchymal transition (EMT) and inhibit migration and invasion in glioblastoma, and this was corroborated in neuroblastoma cells [21] . However, there are no reports to support a relationship between AG and EMT in osteosarcoma.
Therefore, for the first time, we investigated the effects of AG on apoptosis and autophagy in osteosarcoma cells and the underlying mechanisms. Moreover, we hypothesized that autophagy induced by AG may inhibit the invasion and migration of osteosarcoma by participating in the regulation of EMT.
Materials and Methods

Materials
Andrographolide and Dihydroartemisinin was purchased from Yuanye Biotechnology Co. Ltd (Shanghai,China). PI3K Class I, PI3K Class III E-cadherin, Snail, p-mTOR, mTOR, p-ERK, ERK and β-actin antibodies were purchased from Santa cruz Biotechnology (Santa cruz, CA, USA). Vimentin, N-cadherin, Atg5 and Beclin-1 antibodies were obtained from Boster Biological Technology Co. Ltd (Wuhan, China). U0126, SP600125, p-Akt, Akt, p-JNK, JNK, p-p38 and p38 antibodies were obtained from Beyotime Institute of Biotechnology (Haimen, China). Antibody against LC3B was purchased from Abcam (Cambridge, UK). All other reagents were from common commercial sources. Cell culture Osteosarcoma cells (U-2OS, MG-63 and SaOS-2) were obtained from Qiaodu Biotechnology Co. Ltd (Shanghai, China). U-2OS and SaOS-2 cells were cultured in McCoy's 5A (Sigma, M4892) with 10% fetal bovine serum (CLARK, FB25015), MG-63 cells were cultured in MEM (Gibco 41500-034) with 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 U/mL) in a humidified incubator (Thermo Fisher, Runcorn, Cheshire, UK) with 5% CO 2 at 37°C [22, 23] .
MTT Assay
The effects of Andrographolide on osteosarcoma cells were analysed by MTT assays. Briefly, the cells were seeded in 96-well plates at a density of 1×10 4 cells per well. After a 24 h incubation, the cells were subjected to different treatments. Following the treatment, cells were incubated with 0.5% MTT in medium at 37°C for 4 hours. The reaction was terminated by removing the supernatant, adding dimethyl sulfoxide (150μl/well), and shaking for 10 min at room temperature. The absorbance was measured at 490 nm in a spectrophotometer [22] .
Clonogenic assay
Single-cell suspensions were prepared for each cell line and specific numbers of cells were seeded in six-well tissue culture plates. Then cells were exposed to various concentrations of Andrographolide for 2 weeks. Finally, the media were carefully removed by aspiration. Colonies were stained by crystal violet, photographed, and scored [24] .
Caspase-3 activity
Caspase-3 activity was measured using a colorimetric assay kit (Biovision) according to the manufacturer's instructions. Samples were read at 405 nm in a microplate reader (Bio-Tek Instruments) [25] .
Flow cytometry
Annexin V-FITC/PI double staining was used to confirm the apoptotic effect on cells, and the samples were analyzed by a flow cytometer (Becton Dickinson) using FACSDiva™ software [26] .
Beclin 1 siRNA transfection
Cells were seeded in 6-well plates and incubated for 24 hours, then transfected with beclin 1-targeted siRNA or control random siRNA(Invitrogen) using Lipofectamine™ 2000 according to the manufacturer's protocol. At 24 hours after transfection, cells were treated with or without AG for additional 24 hours and collected for western blot. Transfected cells were also used for MTT, Immunocytochemistry, Live/dead assay, Wound healing assay, Migration and invasion assays [23] .
Live/dead assay
The assay was performed using a LIVE/DEAD® Viability/Cytotoxicity Assay Kit (Invitrogen). MG-63 cells were subjected to different treatments. Then, the cells were washed twice with phosphate buffered saline (PBS) and were incubated for another 30 min at 37°C; the cells were protected from light with DMEM solution containing 2.5 μM calcein AM and 4 μM ethidium homodimer-1 (EthD-1). Finally, the results were observed using fluorescence microscopy (Olympus) [27] .
Wound healing assay
The confluent U-2OS cells cultured in six-well plates were wounded by yellow tip, cells were received various treatments for 0, 12, 24, 48h, and they were examined under an inverted microscope (Nikon) [22] .
Migration and invasion assays U-2OS cells were incubated with different groups prior to migration and invasion assays. The migration assay was performed using a modified Boyden chamber. McCoy's 5A with 10% FBS was in the lower layer of the transwell. Resuspended U-2OS cells in McCoy's 5A without FBS were added into the upper chamber. The cells in the 8-μm-pore polycarbonate filter were fixed with 4% paraformaldehyde, and stained with 0.4% crystal violet. Cells in the upper of the filter were removed, and the number of stained migrated cells
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was counted under an inverted microscope (Nikon). The invasion assay was also performed using a modified Boyden chamber. Matrigel (BD Biosciences) was diluted with cold filtered distilled water to receive the concentration 25μg/50μL and applied to the upper to 8μm pore size polycarbonate membrane filters of the upper well. The cells treated with different groups were measured as described in the cell migration assay [23] .
Western Blotting
Proteins were extracted with cold lysis buffer. Following centrifugation, the supernatant was harvested. Subsequently, 20µg protein samples were electrophoresed on 6%~12% SDS-PAGE, and transferred onto nitrocellulose membrane (Millipore, USA). After blocked with 5% nonfat milk in Tris-buffered saline buffer (20mM Tris, 150mM NaCl, pH 7.6, Tween20 0.1%), the membranes were incubated with primary antibodies at 4°C overnight, and reacted with horseradish peroxidase-conjugated secondary antibodies. Blot bands were developed by enhanced chemiluminescence reagents (Amersham, UK). PI3K Class Ⅰ, PI3K Class Ⅲ, E-cadherin, Snail, p-mTOR, mTOR, p-ERK, ERK and β-actin antibodies were purchased from Santa cruz Biotechnology (Santa cruz, CA, USA). Vimentin, N-cadherin, Atg5 and Beclin-1 antibodies were obtained from Boster Biological Technology Co. Ltd (Wuhan, China). U0126, SP600125, p-Akt, Akt, p-JNK, JNK, p-p38 and p38 antibodies were obtained from Beyotime Institute of Biotechnology (Haimen, China). Antibody against LC3B was purchased from Abcam (Cambridge, UK).
Immunocytochemistry
Prepared cells were fixed with 4% paraformaldehyde for 15min, permeabilized with 0.5% Triton X-100 for 10min, and blocked with 5% normal bovine serum for 30min. After that, samples were incubated with antibodies at 4°C overnight. Then secondary antibody (Cy3 or FITC) was incubated for 1h in dark, and DAPI was counterstained for 5min. Samples were examined with a fluorescence microscope (Nikon) [27] .
Evaluation of fluorescent LC3 puncta LC3 puncta were indicated by mRFP-GFP-LC3 adenovirus (Hanbio Co., LTD, China). Briefly, cells were transfected with mRFP-GFP-LC3 for 24 h before receiving Andrographolide treatments. After 24-hours Andrographolide (60 μM) treatment, cells were observed under a confocal fluorescence microscopy (Nikon). Autophagic cells, which contained five or more mRFP-GFP-LC3 dots were recorded and the images were acquired [28] .
Statistical analysis
The values were presented as Mean±SD. Statistical analysis between different groups were performed with one-way or two-way ANOVA, followed by Dunnett's test or Student's t-test. p< 0.05 was considered statistically significant.
Results
AG inhibits the proliferation of MG-63, U-2OS, and SaOS-2 cells
The cytotoxicity of AG to different human osteosarcoma cell lines was confirmed by MTT assay. As shown in Fig. 2A and 2B, cell viability was reduced in a dose-dependent manner after exposure to various concentrations of AG (0, 3, 15, 30, and 60 μM) for 24 h and 48 h. The growth-inhibitory effects of AG on OS cells were further examined by clonogenic assay. As shown in Fig. 2C and 2D , the colony-forming abilities of MG-63 and U-2OS cells were greatly inhibited by AG in a dose-dependent manner. Because cell death may be due to apoptosis or autophagy, we explored the effects of an apoptosis inhibitor (z-VAD) and an autophagy inhibitor (3-MA) on AG-induced cell death. MG-63 and U-2OS cells were treated with 60 μM AG for 24 h in the presence of 2 mM 3-MA. As shown in Fig. 2E and 2F, 3-MA significantly attenuated AG-induced cytotoxicity in MG-63 and U-2OS cells. In contrast, the caspase inhibitor z-VAD failed to reverse AG-induced cytotoxicity.
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AG-induced cell death in OS cells is not due to apoptosis
AG has been reported to induce apoptosis in some cancer cells [8, 29, 30] , and we investigated whether AG could induce apoptosis in OS cells. Contrary to our expectation, as shown in Fig. 3A , DAPI staining did not show nuclear condensation in MG-63 or U-2OS cells after AG treatment compared with DHA-treated cells. Caspase-3 is a major regulator of apoptosis [31] .This finding was further confirmed by caspase-3 activity analysis ( Figure 3B ). In addition, annexin-V/PI double staining assessed using flow cytometry showed no significant increase in the percentage of AG-treated OS cells ( Figure 3C and 3D) . These data indicate that AG does not induce apoptosis in MG-63 and U-2OS cells.
AG induces autophagic cell death in OS cells
We measured the expression of LC3II, Beclin-1, and autophagy related 5 (Atg5), which are recognized as classical autophagy-related markers [32] , and observed a dose-dependent increase in expression level with AG treatment in MG-63 and U-2OS cell lines ( Fig. 4A  and 4B ). To confirm autophagy in OS cells, we used mRFP-GFP-LC3 fluorescence to detect autophagosomes. As shown in Fig. 4F , AG induced a massive flux of autophagy, with a large number of autophagosomes (yellow) and autolysosomes (red) in MG-63 and U-2OS cells. Beclin-1 is an essential molecule that can regulate the initiation and maturation of autophagy [33] . To determine whether the cytotoxicity of AG toward MG-63 and U-2OS cells was due to autophagy, we employed Beclin-1 siRNA (Fig. 4G) . The results showed that viability of AG-treated cells was significantly increased in Beclin-1 knockdown cell lines (Fig. 4H) . The LIVE/DEAD® viability/cytotoxicity assay also produced similar results in MG-63 cells (Fig.  4I) . Taken together, these results indicate that AG-induced cell death in osteosarcoma cells is autophagy dependent.
AG induces autophagy by suppressing PI3K/Akt/mTOR signaling pathways
Autophagy is regulated by a variety of signaling molecules. mTOR functions at the center of various signaling pathways, and the classic PI3K/Akt/mTOR pathway regulates autophagy mainly through the activation of mTOR [34] . PtdIns(3, 4)P2 and PtdIns(3, 4,5) P3, produced by class I PI3K, can interact with the pleckstrin homology domain of Akt, activating the Akt signaling pathway, which indirectly activates mTOR to inhibit autophagy [35] . The class III PI3K complex, which contains beclin-1, p150, and Atg14-like protein, or the ultraviolet-irradiation-resistance-associated gene, is required for the induction of autophagy, and is a critical positive regulator of autophagy [36] . To investigate the molecular mechanisms of AG-induced autophagy, class I and class III PI3K expression levels and Akt and mTOR kinase activity, as measured by phosphorylation, were examined using different concentrations of AG. As shown in Fig. 5A and 5B, in AG-treated MG-63 and U-2OS cell lines, class I PI3K expression decreased, whereas class III PI3K expression increased. In addition, AG significantly inhibited Akt and mTOR phosphorylation compared with controls. These results suggest that AG may induce autophagy by inhibiting the PI3K/Akt/mTOR pathway.
Activation of the JNK signaling pathway is also involved in AG-induced autophagy
In addition to the classical PI3K/Akt/mTOR pathway, MAPK signaling (including JNK, ERK, and p38 MAPKs) is also closely involved in the regulation of autophagy [37] [38] [39] . Therefore, MAPK signaling was investigated in AG-treated OS cells. In this study, treatment with AG inhibited p38 phosphorylation; however, ERK and JNK phosphorylation expression levels increased in AG-treated cells (Fig. 6A and 6B ). To further investigate the effects of upregulation of JNK and ERK during AG-induced autophagy, we used specific inhibitors of ERK (U0126) and JNK (SP600125) in MG-63 and U-2OS cells. The data showed that combined treatment with the JNK inhibitor and 60 μM AG reduced LC3-II, Beclin-1, and Atg5 expression
compared with AG treatment alone ( Fig. 6F and 6G) . Conversely, combined treatment with AG and the ERK inhibitor did not affect LC3-II, Beclin-1, and Atg5 expression levels ( Fig. 6F  and 6G) . Therefore, the enhancement of JNK signaling pathways may result in AG-induced autophagy.
AG-induced autophagy reverses EMT and inhibits invasion and metastasis in U-2OS cells
We suspected that the activation of autophagy by AG was involved in the suppression of EMT in U-2OS cells. When cells were treated with AG and Beclin-1 siRNA, the expression levels of EMT-related marker proteins were reversed compared to those after AG treatment 
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Cellular Physiology and Biochemistry cells. AG has been shown to induce apoptosis in a variety of cancers; however, we did not detect any increased apoptosis signal (with DAPI or caspase-3 assay) in AG-treated human OS MG-63 and U-2OS cells. The pan-caspase inhibitor z-VAD did not attenuate AG-induced cell death. Taken together, these results indicate that AG-induced cell death does not occur via caspase-dependent apoptosis in these cells. Autophagy, or type II programmed cell death, is a process by which subcellular constituents are degraded in autophagosomes/autolysosomes in response to stress [13] . The significance of autophagy in antitumor therapeutics has not been clearly elucidated, although autophagy promotes the survival of cancer cells during malnutrition and hypoxia. That is, the degradation of intracellular proteins and organelles provides nutrients and energy for tumor cell growth, facilitating the survival of tumor cells in poor environments [44] . In addition, autophagy may protect tumor cells from cancer treatment by removing damaged organelles, allowing cells to escape apoptosis and continue to survive [45] . On the other hand, when autophagy capacity is decreased, cell proliferation can increase and promote tumor formation [46] ; moreover, when cells are in a stressed state, levels of DNA and protein damage depend on the removal or repair ability of autophagy to maintain cellular homeostasis. If autophagy capacity is reduced, DNA damage that occurs can cause cancer [47] . Whether autophagy triggered by AG in OS cells is a survival mechanism or a cell death mechanism was elucidated in this study by applying 3-MA, a chemical inhibitor of autophagy. Our results indicated that 3-MA could reverse the cytotoxic effect of AG, suggesting that AG induces autophagic cell death. These findings were further validated by silencing Beclin-1, a key molecule involved in autophagosome formation and maturity [48] .
Autophagy is a multifaceted process, and alterations in autophagic signaling pathways are frequently observed in cancer [49] . Akt and mTOR phosphorylation decreased in a manner that correlated with AG treatment. In addition, AG specifically inhibited class I PI3K expression and increased class III PI3K expression. 3-MA is an inhibitor of PI3K that blocks autophagy at an early stage; this occurs by inhibiting class III PI3K expression and thereby blocking autophagosome formation [50] . These results reveal that AG induces autophagic cell death in OS cells by inhibiting the PI3K/Akt/mTOR pathway. Previous studies have shown that autophagy is activated by multiple pathways, including JNK [37] and ERK [38] . Our data suggest that AG induces autophagy by activating JNK but not ERK. In addition, autophagy deficiency increases the activation of p38. The p38 MAPK has a dual role in the regulation of autophagy, as both a positive and negative regulator [51] . Our data show that AG inhibits p38 phosphorylation. These results are consistent with those of previous studies [52] . Whether the inhibition of p38 phosphorylation by AG can promote the expression of Beclin-1 and LC-3 proteins, and thereby induce autophagy, will be the focus of our next study.
EMT is a process by which cells differentiate from an epithelial to a mesenchymal phenotype [53] , and plays an essential role in promoting tumor invasion and metastasis. Although OS originates from mesenchymal cells, mounting evidence suggests that EMT is associated with OS, particularly metastatic OS [54, 55] . Therefore, controlling the EMT process is regarded as a promising strategy to suppress the metastasis and invasion ability of tumors and improve the survival rate of patients. Until now, the ability of AG to reverse EMT, and the potential mechanisms of its anti-OS activity, remained undiscovered. Our findings suggest that AG is involved in the regulation of the EMT process. Epithelial-related markers are highly expressed with treatment, while the levels of mesenchymal markers decrease. Meanwhile, pivotal factors promoting EMT, such as Snail, are remarkably suppressed. However, the underlying autophagic mechanisms that suppress EMT in OS remain a mystery. The addition of Beclin-1 siRNA to inhibit AG-induced autophagy reversed the inhibitory effect of AG on EMT. Through a series of invasion and metastasis experiments, we found that AG can inhibit the invasion and metastasis of OS, and this effect can be reversed by Beclin-1 siRNA in U-2OS cells. 
Conclusion
In the present study, our results reveal that AG inhibits cell viability and induces autophagic cell death in OS cells by suppressing the PI3K/Akt/mTOR pathway and enhancing the JNK pathway. AG-induced autophagy also inhibits the invasion and metastasis of OS cells. These results suggest that AG may represent a promising novel targeted agent in the prevention and treatment of OS. Further investigation of AG in mouse models will contribute to the understanding of its in vivo activity against malignant cells.
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